Eastern Michigan University

DigitalCommons@EMU
Master's Theses and Doctoral Dissertations

Master's Theses, and Doctoral Dissertations, and
Graduate Capstone Projects

2008

The examination of control entropy (CE) of triaxial
accelerometry and lactate threshold in runners
during treadmill exercise
Michael A. Busa

Follow this and additional works at: http://commons.emich.edu/theses
Part of the Exercise Science Commons
Recommended Citation
Busa, Michael A., "The examination of control entropy (CE) of triaxial accelerometry and lactate threshold in runners during treadmill
exercise" (2008). Master's Theses and Doctoral Dissertations. 222.
http://commons.emich.edu/theses/222

This Open Access Thesis is brought to you for free and open access by the Master's Theses, and Doctoral Dissertations, and Graduate Capstone Projects
at DigitalCommons@EMU. It has been accepted for inclusion in Master's Theses and Doctoral Dissertations by an authorized administrator of
DigitalCommons@EMU. For more information, please contact lib-ir@emich.edu.

The Examination of Control Entropy (CE) of Triaxial Accelerometry and Lactate
Threshold in Runners During Treadmill Exercise
by

Michael A. Busa
Thesis
Submitted to the Department of Health Promotion and Human Performance
Eastern Michigan University

in partial fulfillment of the requirements for the degree of
MASTER OF SCIENCE
in

Exercise Physiology
Thesis Committee:

Stephen J McGregor, Ph.D., Chair
Erik Bollt, Ph.D.

Christopher Herman, Ph.D

Joseph Hornyak, M.D., Ph.D.
April 20, 2008
Ypsilanti, MI

Acknowledgements
This research could not have been accomplished without the assistance of

several groups. In particular, I would like to thank:

The Graduate School at Eastern Michigan University, for awarding me the

Chrysler Sustaining Research Fellow Award, which included a $1,000 award and an
additional $1,000 to aid in paying for the supplies needed to complete the study.

The members of my thesis committee: Drs. McGregor, Bollt, Hornyak, and

Herman. Thank you for your feedback and guidance throughout this project.

To John Goodridge and the members of the Eastern Michigan University Cross

Country team for their assistance and willing participation.

To members of the Exercise Physiology Laboratory, in particular Tim Muth for

aiding with data collection. There were some exhausting days of testing and I could
have not have done it without your assistance.

Julie for your assistance in editing and support throughout the entire thesis

process.

My family for their continued support throughout Graduate School.

ii

Abstract
The purpose of this study was to determine if the blood lactate threshold could

be identified through the visual examination of the control entropy of high-resolution
accelerometry in intercollegiate endurance runners (n=7).

In procedures approved by the Eastern Michigan University College of Health

and Human Services Human Subject Review Board, runners performed two lactate
threshold tests to determine the relationship between the pace of running and the

blood lactate concentration. High-resolution accelerometry (HRA) data as well as the

metabolic cost of exercise was also collected during these trials.

Control entropy (CE) analysis was conducted on the HRA of each individual

plane of motion. Visual examination of the CE of the accelerations of the vertical and

medio-lateral planes of motion revealed a relationship with the decline of CE, indicative
of constraint, at paces which corresponded with an increase in blood lactate
concentration of 1mmol/L above baseline.
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CHAPTER I

INTRODUCTION

Previous attempts have observed how lactate threshold (LT) relates to

metabolic cost demonstrating that there is a strong correlation between the pace or

power at which LT occurs and performance (Allen, Seals, Hurley, Shsani, & Hagberg,
1985; Baldari et al., 2007; Foxdal, Sjodin, & Sjodin, 1996).

Control entropy (CE), a newly proposed measure of system constraint (Bollt,

Skufca, & McGregor, 2009), can be applied to a wide range of physiological time
series data. It is assumed the systems involved in running become increasingly
constrained above the LT. Additionally CE may exhibit the potential to provide
perspective on how locomotion is altered by the underlying constraint seen in
supra-threshold exercise. This study will apply control entropy measures to

accelerometry collected during LT tests in incremental treadmill running exercise.
Lactate Threshold

Blood lactate concentration is a product of anaerobic glycolysis, a metabolic

process that happens in the cytosol of muscle cells (Meyer & Wiseman, 2006). Early
research into the blood lactate response to exercise identified two inflection points

during incremental exercise (Kindermann, Simon, & Keul, 1979; Skinner & McLellan,
1980). The first of these two points (LT 1 ), is seen in conjunction with an increase of

ventilation (V e ) relative to VO 2 and is associated with the first increase in blood
1

lactate above rest and defined as 1mmol/L above resting values or an absolute

blood lactate level of 2.5 mmol/L(Foster & Cotter, 2006; Yoshida, Chida, Ichioka, &
Suda, 1987).

The second of the two inflection points (LT 2 ) is accompanied by an increase

in both VO 2 and VCO 2 and is identified as a blood lactate level of 4.0 mmol/L

(Skinner & McLellan, 1980). Sjodin& Jacobs (1981) proposed that beyond LT 2 there

is an onset of blood lactate accumulation (OBLA) where the body can not clear

lactate from the blood at a fast enough pace to keep up with the production lactate
from anaerobic glycolysis.

The percentage of VO 2max at which LT 2 occurs is an indicator of athletic

performance allowing athletes of varying aerobic capacity to have similar

performances (Allen et al., 1985). Age, metabolism, and running economy have all
been compared in attempts to explain how athletes can exhibit performances of

similar nature despite possessing different VO2max. According to Allen (1985) the
most likely answer for these differences is the percentage of VO 2max at which LT 2

occurs.

The protocol for identifying lactate threshold either LT 1 or LT 2 (Heck et al.,

1985; Hollmann, 1985; Hollmann, Rost, Liesen, Dufaux, & Heck, 1981) is of

significance in identifying accurate values. Equally important is that the testing

procedure must be of short enough duration that the subject does not fatigue before
LT is reached. Various work to rest ratios have been investigated, and provide

equivocal results, and a work to rest ratio of 3 to 1.5 minutes has been argued to
2

valid and practical (Foxdal, Sjodin, Ostman, & Sjodin, 1991; Foxdal et al., 1996;
Foxdal, Sjoedin, Sjoedin, & Oestman, 1994).
Entropy

The first Information Entropy statistic, Shannon Entropy (Shannon, 1948),

has been the baseline for several entropy measures developed over the last 60
years. The original work by Shannon (1948) intended to generate the average
information one is missing when one is searching for the value of the random

variable (Williams, 1997). SE cannot identify chaos within a system on its own.
The work of Shannon was expanded on by both Kolmogrov and Sinai,

independently, using sequence probabilities to identify uncertainty on

measurements over a period of time (Williams, 1997), thus this is commonly known
as Kolmogrov-Sinai (K-S) Entropy. Unlike K-S entropy, Approximate and Sample

Entropy (ApEn and SampEn, respectively) are directly applicable to physiological
systems. While both of these measures have been used to determine physiologic
parameters (Pincus, 2001; Richman & Moorman, 2000) there are some inherent
issues with their usefulness, as both require stationarity or steady state

environments and ApEn has a self-matching bias. Because of these issues both are
limited to the physiologic parameters they can evaluate.

Where CE differs from previous approaches is that it examines differentials

in states to identify dissimilarity in signal generated. CE adopts the ideology of ApEn
and SampEn, suggesting no true value of entropy to which constrained systems
converge (Bollt et al., 2009). The novelty of CE is that it proposes to be “a non3

invasive objective means of determining physiological stress under non-steady state
conditions” (Bollt et al., 2009). Because of this claim, it is of particular interest to

evaluate whether there is a response in the CE of High Resolution Accelerometry in

conjunction to the blood lactate response of graded treadmill running. Confirmation
of a possible relationship could allow for athletes to evaluate performances for the
blood lactate relationship, based on a non-invasive measure.
Accelerometers

The use of accelerometers as a biomechanic tool has become more

widespread in recent research in the analysis of locomotion (Akay, Sekine, Tamura,
Higashi, & Fujimoto, 2004; Kavanagh & Menz, 2008; Moe-Nilssen, 1998b).

The precision of accelerometers is important in determining the actual

accelerations of previously defined planes of movement. The accuracy of these

measurements during movement is on the order of 0.5% with rotation in the trunk
and sagittal planes being 1-2 (Frigo, Carabalona, Dalla Mura, & Negrini, 2003;

Thorstensson, Nilsson, Carlson, & Zomlefer, 1984) and 2-4 degrees respectively

(Frigo et al., 2003; Sartor, Aldrerink, Greenwald, & Elders, 1999) during locomotion,
if the original orientation is known; this, coupled with the resultant Euclidian scalar
not being dependent on precise orientation, gives confidence to the validity of the
results to be generated.
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Statement of Purpose
The purpose of this study will be to compare the Control Entropy of triaxial

accelerometry of incremental running on a treadmill to the Lactate Threshold, to
determine if there is identification of the underlying system constraint that is

associated with increased ventilation or accumulation of blood lactate, in NCAA
runners.

Significance of the Study
Research has illustrated that the blood lactate threshold is an indicator of

athletic performance (Allen et al., 1985). The percentage at which this occurs has
been used as a basis for comparing athletes of both similar and different aerobic
capacities. This study will be the first, to the best of the author’s knowledge, to

compare the paces at which the lactate threshold occurs to the control entropy, a
proposed measure of system constraint.

A major objective of this study is to determine if control entropy can identify

change in the regularity of the resultant scalar of triaxial accelerometer signal.
Additionally, to the best of the author’s knowledge, there has never been a
biomechanical study to compare gait with pre- and post-lactate threshold

accelerations with an accelerometer. This protocol may be able to identify potential
changes in gate parameters.

Due to the nature of the data collection method, identifying all three axes of

motion, the root mean square (RMS) of the final minute of each stage of the graded
5

exercise test will be examined for its correlation to both blood lactate levels and
relative VO 2max .

Research Questions
1. Is there a significant relationship between the RMS of the resultant scalar

and/or any individual axes of triaxial accelerometry and the metabolic cost of
exercise?

2. Is there a significant relationship between the RMS of any individual axes

(vertical, lateral, or fore-aft) of triaxial accelerometry and the blood lactate
threshold?

3. Is there a significant relationship between the RMS of the resultant scalar of
triaxial accelerometry signal and the blood lactate of discontinuous
incremental graded treadmill running in male NCAA runners?

4. Is there a significant relationship between the control entropy of triaxial

accelerometry and the blood lactate threshold of discontinuous incremental
graded treadmill running in male NCAA runners?

6

CHAPTER II

REVIEW OF THE LITERATURE
Anaerobic Metabolism

The role of anaerobic metabolism is to fill the gaps in ATP production left by

aerobic metabolism. These shortfalls can either be due to the lag in aerobic

metabolism at the beginning of exercise known as, oxygen deficit, or because of an
exercise intensity above that which can be handled by aerobic metabolism (e.g.

125% VO 2max ). Anaerobic metabolism has two pathways from which it can create

ATP: The ATP-PC system and anaerobic glycolysis, which generates lactate as part of
its product (Spriet, 2006). The chemical reaction that yields lactate is:
Glycogen + 3 ADP + 3 Pi  3 ATP + 2 lactate– and 2 H+

Lactate Accumulation and Clearing

Lactate is generated through anaerobic bioenergetics pathways. Lactate

clearing happens through gluconeogenesis, by which lactate, generated in the

cytosol of the cell, is converted back to glucose by either the kidneys or the liver. An

alternate fate for lactate is that it can be consumed as a fuel, primarily by the cardiac
or inactive muscle tissue (Houston, 2006). To reach either of the above destinations,
the negative lactate ion (La-) requires at transporter (MCT-1 and MCT-4) to cross

the muscle sarcolemma; lactate accumulates in the blood when it is unable to be
converted rapidly enough back to glucose (Houston, 2006).

7

Lactate Threshold

Skinner and McLellan (1980) and Kindermann et al. (1979) have suggested

that there are two distinct points of inflection in the blood lactate concentrations

with response to incremental exercise. The first of these is seen with increases to
ventilation (V E ) relative to VO 2 , and is associated with the first increase in blood

lactate levels above rest (LT 1 ). Due to the variability in lactate measurements at this
low intensity, this point is identified as either 1mM/L above resting or a

concentration of 2.5mM/L; this term is often referred to as the aerobic threshold
(Foster & Cotter, 2006).

The second inflection point of blood lactate levels is sometimes termed the

anaerobic threshold (LT 2 ); at this point a rapid increase in blood lactate

accumulation is seen. This also corresponds to a rapid increase in both VCO 2 and

VO 2 . Historically this point has been associated with a blood lactate concentration of

4.0 mM/L (Skinner & McLellan, 1980). However, this point is far too simple of an

indicator for some authors (Beneke, 1995; Beneke, Huetler, & Leithaeuser, 2000;

Beneke & von Duvillard, 1996; Foxdal et al., 1991; Foxdal et al., 1996; Foxdal et al.,
1994; Myburgh, Viljoen, & Tereblanche, 2001) because of the observation of the
OBLA response to incremental exercise.

Identification of LT

Sjodin & Jacobs (1981) discussed the concept of the onset of blood lactate

accumulation (OBLA) as the workload at which blood lactate starts to accumulate.

They argued this was the velocity at which blood lactate reached 4mmol/L (Sjodin &
8

Jacobs, 1981). Several groups support for the 4 mmol/L lactate threshold

(Wasserman, 1986; Yoshida et al., 1987) A common misconception of the lactate

threshold represents the point at which O 2 delivery is insufficient to produce ATP
from oxidative phosphorylation; rather, it is a point at which lactate cannot be

cleared adequately and an exponential increase in blood lactate is seen at higher
intensities. The body’s inability to clear lactate at a rate similar to production,

coupled with the increased use of anaerobic metabolism to supply the body with

adequate ATP, results in an exponential rise in blood lactate levels with response to
a linear increase in workload, see Fig. 1.
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Identification of LT1, LT2 and OBLA
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Figure 1. Identification of LT 1 , LT 2 , and OBLA
Adapted from: (Foster et al., 1993) Fig. 1
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Lactate Threshold a Predictor of Performance
Lactate threshold has been used as a predictor of athletic performance in

runners. Athletes who have a LT at a higher percentage of VO 2 max have the ability
to compete with those who may possess a higher aerobic capacity but do not have
the lactate buffering capabilities (Allen et al., 1985).

It has been observed that LT can change with training status over time. Allen

et al. (1985) illustrated this notion in a study that compared young (26 ± 3) and

older “master” (56±5) competitive runners with similar running times (with in 6090s over 10km). It was shown that the younger runners required a significantly

higher VO 2 max to achieve equal performance (62.2 vs. 56.2 ml/kg/min). When the

percentage of VO 2 max at which LT occurred was observed, masters athletes LT is at
a significantly higher percentage of VO 2max than their younger counterparts (79 vs.

85% respectively); this may account for the mechanism by which the runners had
similar 10km performances, even with differences in metabolic capacities.

In addition to the VO 2 max and LT aspects of the study, Allen et al. (1985)

examined the VO 2 required to run at velocity of 188 m/min, which is defined as

economy. These values were not different between the two groups, suggesting that

the differences in performance are not due exclusively to VO 2 max but rather it is

one of several determinants in endurance capacity, indicating that lactate threshold
may play a critical role in the determining endurance capabilities in athletes.
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Application of Lactate Threshold
Yoshida et al. (1987) looked at blood lactate levels and how they

corresponded to VO 2 max , with the purpose of identifying a valid parameter that can
be used as a predictor of athletic performance. Researchers discussed that while
absolute blood lactate levels (1, 2, 4mM) have strong correlations to VO 2 max ,

changes in training status could alter this relationship. Therefore, identifying the LT
as a value being 1mmol/L above resting values would be suitable in evaluating

subjects across all levels of training (Yoshida et al., 1987). LaFontaine et al. (1981)
reported similar findings but indicated that LT occurred at a value of 2.2 mmol/L
above resting levels.

Furthermore, Sjodin et al. (1981) proposed the LT as blood lactate equal to

4mmol/L occurring after the OBLA (Skinner & McLellan, 1980). They found this

point to be highly correlated with marathon endurance running performance. This
value was determined to be more highly correlated than that of VO 2 max no matter
what percentage of VO 2 max the LT occurred at. This value was also shown to be

beyond the point at which blood lactate levels rapidly increase (Sjodin & Jacobs,
1981).

Synthesizing the findings for the identification of the Lactate Threshold, it

becomes clear that one definition is inadequate. Three definitions should be used in
conjunction with one another. The three distinctions should be made in the

identification of the lactate threshold. First, LT 1 should identify a point 1 mmol/L
above baseline values; second, LT 2 should be defined as the absolute value of 4
12

mmol/L; and third, the OBLA should be noted as the point where the body can no
longer remove lactate at an adequate rate.
Lactate Testing Protocol

Identifying an athlete’s LT can enable coaches to better design training

regimes for athletes in order to maximize performance. To best accomplish this,

both sub- and supra-threshold values need to be collected for analysis. The series of

samples should also be collected at paces that are close enough to each other to
allow close interpolation among samples to identify the inflection point, which
indicates OBLA (Foster & Cotter, 2006).

Stage duration (exercise), blood collection (rest), and intensity changes

(pace) should be taken into consideration when designing an experimental protocol.
Several studies have used stage lengths, which are short in duration (Foxdal

et al., 1991; Foxdal et al., 1996; Foxdal et al., 1994; Heck et al., 1985; Hollmann,
1985; Hollmann et al., 1981; Kindermann et al., 1979; Sjodin & Jacobs, 1981)

Exercise stages with a longer duration (6 v. 3 min) have reportedly moved the LT to

lower VO 2 /power values, while the longer (90 v. 30s) rest stages, allowing for blood
collection, move LT to higher VO 2 /power values.

It has been noted that experimental design for determining lactate threshold

is rather robust, and exercise and rest lengths seem to be more a function of

convenience and logistics in the laboratory (Foster et al., 1993). It is acknowledged
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that 3-minute exercise stages will allow for greater convenience in testing several
subjects in one day (Foster & Cotter, 2006).

Predicted Running Pace

An integral part of Lactate Threshold testing is hypothesizing a pace at which

each subject will reach threshold. This is because hypothesized values must be

relatively accurate if the testing is to provide insightful information. If the paces
start too slow, then the test will be too long and subjects may have a falsely

predicted low lactate threshold. Conversely, if the starting paces are too high, the

lactate threshold may be reached prior to collecting adequate baseline values, and a
lactate profile will not be able to be made. Accurate information will allow coaches
and athletes alike to better implement race strategies and goals that reflect an
athlete’s capabilities.

There are two ways of estimating running performance for an unknown

distance given other parameters such as VO 2max and performances at other

distances, a popular version of this being the Jack Daniels’ Running Tables (Daniels,
2005). Mercier et al. adopted an approach that compared VO 2max and endurance to
develop an equation for the relationship between these two variables and the

equivalent running event times that take both of the aforementioned variables into
account (Mercier, Leger, & Desjardins, 1984).

Mercier’s system of development uses many experimentally collected values

from subjects to develop a nomogram by which previous running performances can
be plotted. Theses previous values allow for the prediction of a running
14

performance that is not indicative of a potential best but rather for a time that could
be run at the present time. The author notes “Better performances would be
achieved with training” (Mercier et al., 1984).

The Nomogram set forth by Mercier can be used in a number of ways:

interpolation, extrapolation, and prediction of many performances, and

determination of prerequisites for a certain goal performance. Because of the

multifaceted nature of the nomogram, it can be used by coaches and researchers to
predict performance in many different manners (Mercier et al., 1984).

The Mercier nomogram uses two points of comparison to develop predictive

measures of possible current running performance, where the Daniels tables uses

one performance to predict possible future performance. The advantage in using a
two-point approach is that it accounts for athletes’ varying characteristics that

contribute to performance, whether this is aerobic and anaerobic capacity, relative
aerobic endurance, the percentage of VO 2max at which LT occurs, and mechanical
efficiency.

Accelerometers

The use of accelerometers as an alternative biomechanical tool to force

plates and other methods for analyzing has increased in recent years and has been
validated for its accuracy and reliability gait (Akay et al., 2004; Henriksen, Lund,

Moe-Nilssen, Bliddal, & Danneskiod-Samse, 2004; Kavanagh & Menz, 2008; MoeNilssen, 1998b). A major advantage of the accelerometer is that the device is

generally small and would offer limited restrictions to its anatomical placement, as
15

well as not impede movement. Many accelerometers are wireless and either send a
signal to a base station or collect data onboard for later download, further
enhancing their ability to be implemented in a variety of conditions.
Accelerometers: The device

Several types of accelerometers are commercially used to monitor human

movement: strain gages, capacitative, piezoresistive, piezoelectric as well as
microelectromechanical systems (Kavanagh & Menz, 2008). Hooke’s Law of
restorative force to a mass-spring system,

F=-kx (equation 1)

where F = force, k = spring constant and x = spring displacement, and Newton’s
second law of motion,

F=ma (equation 2)

m = mass of the object and a = acceleration, are combined to yield an equation
describing the acceleration of an object attached to a spring:

(Cutnell & Johnson, 2005).

a = (-kx)/m (equation 3)

The use of strain gauge type accelerometers is preferential because of its

robust design that functions in a wide range of temperatures, e.g. -20 – 60 °C
(Microstrain, 2008).

16

Microelectromechanical Systems (MEMS)
New revelations in technology have brought about the uses of MEMS devices,

allowing mechanical machines to decrease in size while simultaneously increasing
accuracy (Busa & McGregor, 2008). The manner in which these work for the
purpose of measuring accelerations is based on the equation:
Mx’’ + ℘x’ +kx = ma (equation 4)

Where m = mass of poof mass, x= displacement of the mass, ℘ = deflection of the
cantilever beam and k = constant of spring oscillation.
Placement

The placement of the accelerometers on the human subject has been an area

of increasing study. It was originally thought that precise continuous orientation of
the axes was necessary to have confidence in the values (Moe-Nilssen, 1998a).

However, accelerometers being many times a small part of a more complex device

that often houses telemetry or data logging devices, placement is often in precise or
not continually known (Busa & McGregor, 2008). Additionally, inter-subject

variations in body composition may alter the exact orientation of the accelerometer
during various modes of exercise; a proposed best solution for this is attaching the
accelerometer over the L3 vertebrae in the posterior sagittal plane where minimal
trunk movement is exhibited during locomotion (Moe-Nilssen, 1998a, 1998b).

Upper body rotation in the sagittal plane of 1-2 degrees and frontal plane of 2-4

degrees is seen during healthy human walking (Frigo et al., 2003; Sartor et al., 1999;
17

Thorstensson et al., 1984). In this case, if the original orientation is known, a 5
degree tilt or rotation an error of approximately 0.4% would be observed
(Kavanagh & Menz, 2008).
Previous Application

Early studies examining the applicability and versatility of modern

accelerometers were aimed at allowing researchers to be creative in utilizing their
small, unobtrusive nature to examine a host of research questions (Busa &

McGregor, 2008). As previously stated, the use of accelerometers has increased in
recent years due to their inexpensive cost and possible widespread application.

Accelerometer placement has been investigated at various anatomical landmarks

such as head, mandible, upper trunk, lower trunk, thigh, tibia, and foot (Kavanagh &

Menz, 2008) and through various methods of attachment (Kavanagh & Menz, 2008).
This discussion will focus only on research where the firm fitting belt was used to
attach accelerometer to the lower trunk of the subject, as this best reflects both

mode and location of attachment being proposed for use, as it can be argued that
this placement will yield the most accurate results for whole body dynamic

movement, possibly giving insight to the metabolic cost of locomotion (Busa &
McGregor, 2008; McGregor, Busa, Yaggie, & Bollt, in review).

18

Validity
Comparing the validity of accelerometers to other movement measuring

devices is limited; Mayagoitia et al. (2002) compared body mounted uniaxial

accelerometers of different body segments to gyroscopic and a passive marker

systems. The combination of these three systems simultaneously collected data at

five walking paces. The results were that RMS error values were 6.64 ± 4.13% for all
subjects and high correlation coefficients 0.9812 ± 0.02, indicating that there is little
difference between the results that the different collection devices yield. With data

this highly correlated, it is quite reasonable to deduce that accelerometers mounted
on the body will yield accelerations similar to that of retro reflective markers, the
current kinematic standard for measuring locomotion.

In attempting to mathematically fit collected data, Moe-Nilssen (1998c)

showed that with subjects wearing a triaxial accelerometer placed on the lumbar

spine, a quadratic equation was able to be fit to the RMS of the accelerometry data
over 21 different walking speeds. These tests compared to follow-up trials and

showed good reliability. Similarly when subjects with balance impairment were
compared to those without the handicap, it is shown that the medio-lateral
acceleration has a distinct difference when RMS values are examined.

Previous research has not sufficiently validated the accuracy of

accelerometer against more traditional biomechanical techniques due to the

difficulties in differentiating displacement or velocity data, especially when high

frequency accelerometer data are compared to traditional biomechanical methods,
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which collect at a lower frequency (Kavanagh & Menz, 2008). It has been suggested
that low pass filtering techniques should be implemented to differentiate between

noise in the recording techniques and the actual movement; however, a noted issue

with this technique is that parts of the “real signal” may be filtered out (Woltring,
1985). Several sources have noted the possible importance of using reliable

acceleration data in inverse dynamics for the determination of force, power, and
joint moment data (Bisseling & Hof, 2006; Ladin & Wu, 1991; A. van den Bogert,
Read, & Nigg, 1996; A. J. van den Bogert, Read, & Nigg, 1999).

Recent research conducted by Halsey et al. (2008) has examined the

metabolic cost of human movement through the analysis of accelerometry. The

absolute metabolic cost of exercise was compared to accelerometry data collected
from several anatomical positions (lower trunk, upper trunk, and neck). A unique

feature of this study was that accelerations were corrected for gravity in an effort to
examine only the cost Overall Dynamic Body Acceleration (ODBA). Strong

correlations were seen, thereby illustrating validity. The response of OBDA to

walking and running of gait patterns 3-16 km*hr -1 illustrated a non-linear or bi-

linear response to increasing pace, with a “heave” (Halsey et al., 2008) seen at the
walk-to-run transition. Comparing OBDA to weight corrected VO 2 reported R2

values of 0.92, 0.91 and 0.93 for lower back (LB), upper back (UB), and neck (N),
respectively. Additionally, the speed of movement compared to OBDA showed

strong relationships of R2 of 0.91, 0.90 and 0.91 for accelerometers located in the LB,

UB, and N, respectively.
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Reliability
Repeated trials showed good reliability, defined as two tests with similar

outcomes in RMS values shape over identical walking speeds, and the test-retest

analysis showed that intraclass correlations greater than .88, .77, and .78 for the AP,
VT, and LAT directions, respectively (Moe-Nilssen, 1998c). With regard to knowing
the orientation of the accelerometer on the subject, it is shown that the tilt of the

torso varies with the speed of walking. However, it is noted by several sources that
1-2 degrees of rotation is seen during standing in the frontal (Frigo, Carabalona,

Dalla Mura, & Negrini, 2003; Thorstensson, Nilsson, Carlson, & Zomlefer, 1984) and
2-4 degrees sagittal planes during healthy walking (Frigo et al., 2003; Sartor et al.,
1999). As stated by Kavanaugh (2008), this would result in a small error of 0.4%.

Because test-retest reliability is strong, intraclass correlations (ICC’s), which were
within range for normal walking variability, allows confidence in the use of an

accelerometer without accounting for tilt because the reliability is strong and the

accuracy is not compromised, especially when the resulting movement, taking all
planes of movement into account, is examined.

Center of mass acceleration of an individual is approximated by mounting the

accelerometer in the lumbar region at the cross section of the midsagittal and axial

planes on the posterior side of the body. This helps estimate total body locomotion.
While it has been demonstrated that angular displacement is limited in the lumbar
portion of the back (Thorstensson et al., 1984), it should be noted that as the body
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moves in a wayward manner (i.e. swinging of the arms) the CoM may change (Moe-

Nilssen, 1998b). Therefore, while the lumbar region should be the theoretical center
of mass for the human body, it is acknowledged that this may change slightly during
locomotion.

Information Entropy

Entropy is mathematical measure that quantifies the chaotic nature of a

sample. More specifically it “can be thought of as a number measuring the time rate
of creation of information as a chaotic orbit evolves” (Ott, 2002). This study is

directed at the use of Control Entropy (CE), a new method proposed to quantify
underlying system constraint in dynamic exercise (Bollt et al., 2009).

The concept of entropy is applied to a large number of principles from

chemistry to physiology; entropy measures always have a positive value, except

when the probability is known for which the entropy will be zero. The measure can
be quite variable depending on the control parameters, and number and size of

partitions (Williams, 1997). CE builds upon the concepts of Approximate Entropy

(ApEn) and Sample Entropy (SampEn), which are derived from Kolmogorov-Sinai

Entropy (K-S entropy), a form of Shannon Entropy applied to dynamical systems.
The History of Information Entropy

Shannon, originally developed by Claude Shannon in 1948 (Shannon, 1948;

Shannon & Weaver, 1949) was the first entropy measure developed with the intent
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of demonstrating the appearance of a random variable as the expected value in a set
of data with a known probability.

Shannon Entropy is a regulatory measure that can be applied to information

such that one is able to generate the average information one is missing when one is
searching for the value of the random variable. However, Shannon Entropy can not

identify chaos or true randomness on its own (Williams, 1997). K-S Entropy differs
in that it requires sequence probabilities, which are probabilities that the system

will follow various patterns over time. This details the uncertainty with relation to a
time sequence of measurements. These two measures, while having many

implications to widespread information when compared to ApEn and SampEn, are
insufficient when examining physiological parameters due to limitations with
nonstationarity and self-matching bias.

Stationarity is a statistical concept that in simple terms states that “all

parameters that are relevant for a system’s dynamics have to be fixed and constant
during the measurement period (and these parameters should be the same when

the experiment is reproduced” (Kantz & Schreiber, 2004). If measures are designed
with accounting for stationarity, variability can be a cause for inaccurate
measurement.

Approximate Entropy
Approximate entropy was created in an attempt to be used in complex

systems outside of the probability domain from which system complexity can be
measured (Pincus, 1991). ApEn is designed to “potentially distinguish low23

dimensional deterministic systems, periodic, and multiply periodic systems,

stochastic, and mixed systems“(Pincus, 1991).

Applications of ApEn include analyzing instantaneous heart rate time series

(Ho et al., 1997). ApEn can be use to examine the heart rate pattern and predict that
a pattern of observation will not be followed by another similar observation. The
mechanics of using ApEn are measurements, which have randomly repeated

patterns have high ApEn, whereas measurements, which have ordered output
patterns, have a low ApEn. ApEn has some significant shortcomings. Most

significantly, there is a strong dependence on sequence length and a self-matching
bias, the value of m (sequence length) and r (similarity criterion) in the equation
(Moody, 2001; Pincus, 1991):

Where S n = a sequence containing N measurements, m = the pattern / window

length to be examined, r = the similarity criteria, C m (r) = the prevalence of repeated
patterns of length m in S n which meet the similarity criteria of r, and C m+1 = the
prevalence of repeated patterns of length m+1 in S n , which meet the similarity
criteria of r.

Another major limitation of ApEn is that it requires stationarity, i.e. steady

state workload, with no change in the underlying conditions that could affect the
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physiological system (Bollt et al., 2009). An advantage of ApEn is that it does not
have a point to which the value should reach for a. In other words there is no

predetermined ideal entropy value for a system; rather, as the entropy number

becomes smaller, it is showing there is less variability to the system (Moody, 2001).
The proponents of ApEn claim that it is able to measure system complexity in

data samples with as few as 50 data points (Pincus, 2001) and has been used to

quantify EEG and ECG signals as well as heart-rate time series data (R-R intervals).

Pincus (2006) also looked at the use of psychiatric data analyzed by ApEn and found

that this is an acceptable application for ApEn as “changes in ApEn have been shown
mathematically to correspond to mechanistic inferences concerning subsystem
autonomy, feedback and coupling, in diverse model settings” (Pincus, 2006).
Sample Entropy

As a follow-up to the original ApEn work, Richman and Moorman saw the self

matching bias of ApEn to be a major limitation to the procedure, as changing the

window length and criteria for similarity would yield different results. The newly
created “entropy” measure called Sample Entropy (SampEn) eliminates these

issues. The founders originally confirmed this by using data of known probability,

and identical cardiovascular data sets were used to evaluate and compare the two
non-linear methods. It was found that SampEn was more closely associated than
ApEn with physiologic theory over a broad range of conditions. The authors

concluded it to be a more useful tool for studying clinical cardiovascular and other
physiologic time series data (Richman & Moorman, 2000). However, a major
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limitation of SampEn analysis is that it, like ApEn, requires stationarity, thus limiting
its usefulness as it can be argued that nothing is truly stationary (Bollt et al., 2009).

Control Entropy

Control Entropy (CE) is a recently developed non-linear mathematical

statistic designed to address some of the shortcomings of SampEn as well as

incorporate other mathematical concepts with the hope of being able to assess
underlying constraint in physiological systems (Bollt et al., 2009). CE does not
require stationarity and therefore can be used to collect data from non-steady

state/varying conditions and is applicable to real-world physiological data, which

can be collected under varying intensities.

Where CE differs from previous approaches is that it examines the

differentials in states to identify dissimilarity in signal generated. CE adopts the
ideology of ApEn and SampEn that there is no true value of entropy to which
constrained systems converge (Bollt et al., 2009).

Another advantage to CE over other non-linear measures is the use of

symbolization and SAX portioning. Using an 8-bit partition in favor of a 2-bit

partition (like that used in ApEn and SampEn) yields results that are more clear
over the time-series in question for this testing (unpublished report).

Window length of the sample is also important to the CE analysis as changing

the length of the sample window allows one to alter the time frame of the sample. It
follows that window length can be tailored to fit the data analyzed. Selecting large
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window lengths will present overall trends in data and system constraint.

Contrarily, with shorter window lengths it is possible that the resultant plot will be
very jagged, and picking out a pattern of behavior could be very difficult. The

present study will use a window length of 3201 to analyze the data as it yields an
optimized length of examining samples with changes in intensity in the 2 to 3
minute range (unpublished report).

Summary

Previous research completed in the area of lactate threshold has not, to the

best of the author’s knowledge, looked at the interaction between nonlinear

measures and blood lactate levels. Also, the use of Control Entropy (CE) is new and
the running portion of the test, without the blood draws, could yield new

understanding in the assessment of discontinuous graded exercise tests on a

treadmill. The innovative data analyses in both linear and non-linear analysis are

novel approaches to the analysis to how the body transfers between sub and super
lactate threshold intensities.

The proposed study design utilizes collection of Metabolic and Blood Lactate

data at two different times for each subject, one preseason and the repeat trial after
the collegiate cross country season. This will allow for different training status,
accounting for possible changes in LT. The primary interests are determining

whether either RMS of triaxial accelerometry correlates and CE have relationships

to LT 1 or LT 2 . The analysis of the data will yield insightful information to determine
if CE is in fact an indicator of underlying system constraint as it is intended to be.
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CHAPTER III
METHODS
Subjects
Ten male NCAA division 1 intercollegiate runners (Table 1) were recruited to

volunteer as participants in this study after giving written informed consent. The
subjects were free from contraindications to testing and had taken no drugs nor

ingested caffeine within 24 hours of their trials. Also, they adhered to a three-hour

fast before each trial. The Eastern Michigan University College of Health and Human
Services Human Subject Review Board approved all procedures.
Table 1

Subject Characteristics

Height (cm)
Mass (kg)
Age (yr)
VO 2 max (ml/kg/min)

Average
178.7
67.6
21.3
70.0

29

Standard
Deviation
6.1
6.0
1.5
3.7

Range
174.4-189.0
61.4-80.5
19-24
61.4-73.8

Pre-test 10,000m Performance Trial
Prior to laboratory testing, all subjects participated in a 10,000 meter

running trial. The purpose of this trial was to get a trial that could be used in

conjunction with the Mercier Nomogram (Mercier et al., 1984), using the standard

fatigue rates, to determine what the starting pace would be for the Graded exercise

trials. The running trial was performed in three mass start groups, based on ability.
The groups were based on ability in past racing performances. Each group ran on a
pacing schedule, through the 6,400m mark, determined by the Eastern Michigan

University cross country team coach; the runners were then instructed to complete
the final 3,600m of the run as fast as possible.

From the 10,000m-performance trial, the specific paces for laboratory

testing were determined (Table 2). From the predicted 20km performance, paces

were assigned beginning with HMP-50 m/min, HMP – 30m/min and then increasing
15 m/min every stage until voluntary exhaustion. These paces were converted in to
miles per hour, in order to use the digital readout on the True ZX-9 treadmill (St.

Louis, MO). This insured that several sub-threshold samples would be collected.
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Table 2

10km Run Time and Starting Pace for Laboratory Trials

Subject
2
3
4
6
7
8
10

10km run
time
(min:sec)
33:36
32:16
30:32
20:26
30:26
32:16
30:50

Beginning
Pace (MPH)
8.4
9.1
9.9
9.9
9.9
9.1
9.9

Testing Procedure
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The testing procedure consisted of a discontinuous graded exercise running

test in which subjects ran for 3 minutes and had 1.5 minutes of passive rest, during

which finger stick blood draws were taken. Running was performed on a True ZX-9

treadmill (St. Louis, MO). Triplicate blood samples were drawn from each finger

stick; each 5-microliter sample was collected on a blood lactate analyzer test strip

that is inserted in a Lactate Pro portable blood lactate analyzer. Each trial resulted
in 7-9 samples, from which a pace-lactate curve was constructed.

Lactate Threshold

Two methods of determining lactate threshold for each subject were utilized.

The first, Lactate threshold1 (LT 1 ) was defined as a 1mmol/L increase above

baseline measurement. The second, lactate threshold 2 (LT 2 ), was defined as an
absolute blood lactate reading of 4 mmol/L; this corresponded to a point after

which the onset of blood lactate accumulation (OBLA) occurs. The OBLA is the point
at which the increase in blood lactate changes from a linear to an exponential

relationship with respect to a linear increase in workload. Both LT 1 and LT 2 were
compared to the CE response of accelerometry to determine if either of the LT’s

correspond to a parametric change in acute or chronic control response to superthreshold efforts.
Accelerometry

During each trial, subjects wore a small accelerometer (Agilelink,

Microstrain, VT) fastened to a semi-rigid belt additionally supported by elastic

athletic tape to immobilize the device. The accelerometer collected accelerations in
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the anterior-posterior (AP), Medio-Lateral (LAT) and Vertical (VT) directions. From

these measurements the resultant Euclidian scalar (RES) was calculated using the
equation: R xyz 2 = AP x 2 + LAT y 2 + VT z 2. Control Entropy was calculated for each

individual axis, as well as RES and compared with lactate values and LT1 and LT2.
Metabolic Parameters

Metabolic parameters were determined for each subject during each trial.

During the trials, metabolic values were collected using a Jaeger Oxycon Mobile

metabolic cart (Viasys, CA). The relative metabolic cost of exercise, Relative VO 2

(ml/kg/min) was determined from the gas exchange.
Gaussian Statistics

SPSS 16.0 (SPSS, Ill) was used to statistically analyze the data. From the

accelerometry data, Interclass Correlations (ICC) compared AP, LAT, VT and RES

accelerometry signals to relativeVO 2 , speed and blood lactate (BL). The metabolic

measures from the last minute of each three-minute stage was used for comparison,

as this would provide steady state conditions. The raw accelerometry in the AP, LAT,
and VT, as well as RES, were also be analyzed using RMS methods for the last minute
of each stage for comparison with relative VO 2 , taken as an average for the last

minute of each stage, and speed. The root-mean-squared method is a statistical

method used to measure the magnitude of a sinusoidal sample, i.e. variables can

have both positive and negative values. The equation for calculating RMS is:
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Adapted from: (Cartwright, 2007)

Where x rms is the root mean squared value, x 1,2,….,n are the individual measures, and

N is the total number of samples.
Non-Linear Analysis

Control Entropy (CE) analysis was completed for each individual axes (AP,

LAT, VT) as well as the RES. This value was compared to Velocity (V), relative VO 2 ,

and BL. An analysis of the shape of the individual and resultant CE was compared to
that of the lactate profile for each individual to see if there is a point at which a

subject’s blood lactate levels had a broader effect on the constraint of the runners

movement as seen by a decline in CE in the AP, LAT, VT or RES aspect of movement.
The equation used to compute CE is:

Within the CE equation, both number of partitions ( ℘) and window length (w) can

be tailored to the data examined. For the examination of the CE-LT relationship a

window length of 3201 will be used while an 8-symbol partition will be used. These
have been used (unpublished report) to success to look at graded exercise with
stages similar in duration to those being used in this study.
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CHAPTER IV
RESULTS
Research Question 1:

Is there a significant relationship between the RMS of the resultant scalar

and/or any individual axes of triaxial accelerometry and the metabolic cost of
exercise or the speed of running?
Correlations

Significant correlations (p<.05) were observed between the RMS of raw

accelerations in each plane of movement (VT, LAT, AP and RES) and the metabolic
cost of exercise (VO 2 ; Table 3). Correlations reveal the strongest relationships
between RES and VO 2 (.751), and AP and VO 2 (.814; Table 3).
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Table 3

Correlations: RMS of VT, LAT, AP, and RES. VO 2 (ml/kg/min), Blood Lactate (mmol/L)
and Speed (MPH).

36

Significance testing
Tests for significant differences were performed on the RMS of

accelerometry and metabolic data for both group and individual means for the

purpose of determining whether there were differences between the accelerations

of running for different athletes, as well as to determine if changes in the RMS of raw
accelerometry signal occurred between the two laboratory trials. Between-subjects

comparison of the RMS of accelerometry showed that there were in fact significant
differences between subjects for all planes of movement: VT, LAT, AP, and RES

(Table 4 and Fig. 2 a-d respectively), as well as for the metabolic cost of exercise

(Fig. 3), all with p<.05. Significant differences were also seen between trials, but

only for the estimated marginal means of RMS of accelerations in the vertical plane
of movement, p<.05 (Fig. 4). Upon examining the subject by trial interaction,

significant differences were observed in the vertical plane of movement, p<.05 (fig.
5). Finally, examination of speed versus RMS of accelerometry showed significant
differences in the VT, AP, and RES planes of movement (Fig. 6a-c) as well as the
metabolic cost of exercise (Fig. 6d), p<.05 (Table 5).
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Table 4

Trial by Subject MANOVA Outputs
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Figure 2. Marginal Means of RMS of Accelerations by Subject; a: Vertical, b: Lateral, c:
Anterior-Posterior, d: Resultant Scalar
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Figure 3. Marginal Means of VO 2 by Subject
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Figure 4. Estimated Marginal Means of RMS of VT Accelerations by Trial
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Figure 5. Marginal Means of VT Accelerations by Subject by Trial
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Figure 6. Estimated Marginal of RMS of Accelerations by Speed: a) Vertical, b)
Anterior-Posterior, c) Resultant Scalar, and d) VO 2

Table 5
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Trial by Speed MANOVA Outputs

44

Regression Analysis:
Regression curve fits of the RMS of accelerometry vs. VO 2 are displayed in

Table 6 and Figure 7 (a-d). First, second, and third order regressions were examined

for VO 2 against each plane of movement and in all cases the linear regression was

the most significant. The VT and LAT planes of movement demonstrate the weakest
relationships. However, when VO 2 is regressed against AP and RES, stronger
relationships are seen in Figure 7 c and 7 d, respectively.

Regression analysis was also performed for all planes of movement versus

the speed of locomotion. It can be seen in Table 7 that, like the regression analysis
with VO 2, a first order regression equation is the best fit for speed. VT and LAT

planes of movement have the weakest relationship across the range of speeds. AP
and RES have stronger linear relationships with high significance (Figure 8 c-d).
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Table 6.

Regression parameters of VO 2 vs. Planes of Movement (VT, LAT, AP, RES)
Axis
VT
LAT
AP
RES

Equation
Linear
Quadratic
Cubic
Linear
Quadratic
Cubic
Linear
Quadratic
Cubic
Linear
Quadratic
Cubic

R
0.219
0.283
0.283
0.502
0.503
0.503
0.814
0.814
0.814
0.751
0.751
0.751
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R2
0.048
0.08
0.08
0.252
0.253
0.253
0.663
0.663
0.663
0.564
0.565
0.565

F
4.505
3.838
3.839
30.032
14.924
14.925
175.085
86.577
86.577
115.068
57.088
57.089

Figure 7. Regression analysis – RMS of Acceleration vs. VO 2 : A) Vertical, b) Lateral, c)
Anterior-Posterior, d) Resultant
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Table 7.

Regression parameters of speed vs. Planes of Movement (VT, LAT, AP, RES)
Axis
VT
LAT
AP
RES

Equation
Linear
Quadratic
Cubic
Linear
Quadratic
Cubic
Linear
Quadratic
Cubic
Linear
Quadratic
Cubic

R
0.251
0.327
0.327
0.519
0.528
0.529
0.888
0.893
0.893
0.825
0.833
0.833
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R2
0.063
0.107
0.107
0.27
0.279
0.279
0.789
0.797
0.797
0.68
0.693
0.694

F
5.96
5.253
5.253
32.865
17.052
17.066
332.55
172.916
172.726
189.325
99.446
99.868

Figure 8. Regression analysis – RMS of Acceleration vs. Speed: A) Vertical, b)
Lateral, c) Anterior-Posterior, d) Resultant.
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Reliability of Measures

In order to see the repeatability of the RMS of each plane of movement, test-

retest reliability was examined. Because there was a treatment administered

between the two tests, a training effect may be seen if ICC’s are lower than in a

previously reported study of similar nature (Table 8). Results indicate there is little
change in the AP and RES directions across the two trials. However, the vertical

plane of movement changes, which is anticipated for this type of analysis because
examining subjects-by-trial showed a significant difference in the VT direction.

Table 8

Test-Retest Reliability Analysis: Inter-Class Correlations and Pearson’s Correlation (R)
Axis
Vertical
Lateral
Ant/Pos
RES
VO2
Lactate

ICC single
0.519
0.354
0.779
0.732
0.792
0.769

ICC
average
0.684
0.523
0.875
0.845
0.884
0.869

P<.05
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Pearson's
R
0.59
0.361
0.779
0.736
0.792
0.786

Research Questions 2 and 3: Is there a significant relationship between the RMS of any
individual axes (vertical, lateral, or fore-aft) of triaxial accelerometry and the blood
lactate threshold? And is there a significant relationship between the RMS of the
resultant scalar of triaxial accelerometry signal and the blood lactate of discontinuous
incremental graded treadmill running in male NCAA runners?
Correlations
Examination of the correlations between the blood lactate level and the axes

of movement showed significant (p<.05) relationships, of 0.421, 0.739 and 0.634 in
the LAT, AP and RES planes of movement, respectively (Table 3).
Significance Testing

Tests of significant differences with respect to the blood lactate levels

revealed (Fig. 10) that there is a difference in blood lactate levels when compared to
the speed of running (F=16.393, p<.001). This is not a surprising result, as blood
lactate levels should increase as the intensity of running increases.
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Figure 9. Estimated Marginal Mean of Lactate vs. Speed
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Regression Analysis
Regression analysis of blood lactate as a predictor of the RMS of unfiltered

HRA signal was examined using linear, quadratic, and cubic parameters. The reason

for examining these parameters is that there is not a clear linear relationship for any
of the parameters, so curvilinear relationships were examined. As can be seen

(Table 9), the relationship of the Anterior-Posterior and lateral planes of movement
to blood lactate level are best described by a first order equation: r= 0.740,

F=107.459 and r=0.421, F=19.103, respectively. The lateral plane of movement also
has a significant relationship, best described by a first order linear relationship; the
vertical plane has a non-significant relationship best described by a quadratic
equation (r=0.182, F=1.515).
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Table 9

Regression Parameters of Lactate vs. Planes of Movement (VT, LAT, AP, RES)
Axis
VT
LAT
AP
RES

Equation
Linear
Quadratic
Cubic
Linear
Quadratic
Cubic
Linear
Quadratic
Cubic
Linear
Quadratic
Cubic
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R
0.056
0.182
0.192
0.421
0.472
0.472
0.740
0.753
0.758
0.632
0.660
0.664

R2
0.003
0.033
0.037
0.177
0.223
0.223
0.547
0.567
0.575
0.400
0.436
0.441

F
0.278
1.515
1.099
19.103
12.602
8.306
107.459
57.619
39.204
59.237
34.048
22.834

Figure 10. RMS of Accelerometry values vs. Lactate with lines of best fit: a) Vertical,
b) Lateral, c) Anterior-Posterior, d) Resultant Scalar
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Reliability of Measures
Reliability measures for the blood lactate values were good, with an ICC of

0.869 and a Pearson Correlation of 0.786 with p<.05 (Table 8). This illustrates that
lactate values between the two trials were reliable.
Research Question 4:

Is there a significant relationship between the control entropy of triaxial
accelerometry and the blood lactate threshold of discontinuous incremental graded
treadmill running in male NCAA runners?
Visual examination of the Control Entropy analysis indicated differential

responses for each axis with respect to discontinuous graded treadmill running.

Additionally, it appears that the VT and LAT planes of movement are constrained at
higher speeds, defined as a drop in CE. CE of acceleration in the AP plane of

movement appears to have an inverted “U”-shaped response to incremental

running.

The general response of CE in the vertical plane of motion is that of a decline

in CE as the rate of running increases (Figure 12a). It appears that the start of this
decline coincides with the LT 1 point.

Visual inspection of the CE response to the medio-lateral plane of movement

reveals a similar relationship to that of the VT plane. That is, in general there is a
decline in CE as the subjects propel themselves at higher speeds. Additionally, if

baseline is defined as standing, the CE response during running appears to change
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from being above baseline to being below baseline at approximately the pace at
which OBLA is reached (Figure 12b).

No clear response is observed in the CE of the anterior-posterior direction

that can be generalized across all subjects. Most subjects exhibited a flat CE

response to increases in running pace, but others demonstrated a decrease in CE at

higher speeds in the AP direction. This decrease is not as clear as in the other planes
of movement and is most clearly exhibited in the maximal running stages. Because
of this, these decreases are most closely associated with the paces that elicit LT 2

and/or OBLA; however, it should be noted that this particular response is observed
in the minority of trials; see Appendix 3 and 4 for all plots.

Similarly to the AP plane of movement, examining the resultant plane of

movement for a CE response reveals differential responses as different subjects
move toward maximal efforts. As in the AP plane, a decline is observed in some

subjects while others exhibit a flat response to the graded exercise. Because of this,

the decline in CE of RES appears to be most closely related to the pace at which LT 2
is elicited.
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Figure 11: Example Plot of CE vs. Time for LT 1 : A) Vertical, B) Medio-Lateral, C)
Anterior-Posterior, D) Resultant (bold horizontal line is the approximate CE of
where LT 1 occurs, the highlighted portion is the pace at which LT 1 occurs.)
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CHAPTER V
DISCUSSION
Correlations
Examining the correlations for the planes of movement revealed strong

significant correlations of the AP and RES directions of movement to both speed and
VO 2 (Table 3). These relationships have been seen before in previous work.

McGregor et al. (in review) reported strong relationships, 0.946 and 0.945 in the AP
and Res directions, respectively, over a broad range of paces. Likewise Fudge et al.

(2007) reported strong predictions of VO 2 to accelerometry over the speed range of

8-18km/h. However, the Fudge et al. study’s predictions were based on

accelerometry signal corrected for heart rate, something that neither the current

study nor the McGregor et al. study accounted for. It should be noted that both the

current and McGregor et al. studies used the same Microstrain (g-link 10g)
accelerometers set with the same data collection rate of 617Hz.

One possible reason for the better correlations for the McGregor study

compared with the current examination is the experimental design. The current

study used a pre/posttest design in which the athletes completed an NCAA crosscountry season as the treatment. Additionally, the McGregor (2009) study used a

wider range of speeds (2-24 km/h), with 2km/h pace changes between stages, while
this study utilized paces ranging from 14-24 km/h with approx 1km/h pace
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increases. Therefore the differences in design could account for higher correlations
between the individual planes of movement and both speed and the metabolic cost
of the movement, because of larger differences between paces as well as

encompassing a greater range of speeds. The significant differences between speed
and VT, AP, and RES planes of movement (Table 5) in the current study strengthen

the idea that accelerometry can be used to differentiate between workloads, defined
by the pace of running. Also, due to the nature of the methods, in attempting to
ascertain each subject’s lactate thresholds, the subjects were on different pace

schedules, and while many of these overlapped, with a small sample size this could
partially account for the lower correlations. As in the previous work by McGregor

(in review) no filtering has been applied to this data. However, because there is no
low speed component to this data set, a filtering technique could be applied to
reduce the signal to noise ratio and thus enhance the correlations.

Additional studies have shown strong relationships with high-resolution

accelerometry (HRA) and the metabolic cost of exercise (Halsey et al., 2008), but
this study differed from the current approach in that the sampling rate of the

accelerometer was 32Hz, compared with 617Hz in the current study. Additionally,
other contrasts between the two studies include the examination of the OBDA,

which accounts only for the accelerations induced by locomotion, not by gravity

(Halsey et al., 2008; Wilson et al., 2006). Halsey’s approach also differs in that the
metabolic measure examined is absolute VO 2 , not relative VO 2 as in the current

study .
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The relationship between the blood lactate response to graded exercise and

the RMS of unfiltered HRA illustrates that a moderate correlation exists between the
two (Table 3). This relationship may therefore be enhanced with application of an

appropriate filter; however, the relationship is reasonably strong given that only the
raw data are examined here. Additionally, the AP and RES planes of movement have
strong linear regressions to the blood lactate response (Figure 11c, d). This is the
first study that examines the blood lactate relationship to HRA. With no previous

work to compare this to, and given the general OBLA response that is seen in high
intensity exercise (Sjodin & Jacobs, 1981), it is possible that with an appropriate

filter a quadratic or cubic regression may provide a better fit, especially as all three
equations have similar R’s with the linear providing more power with unfiltered
data. That is, the shape of the blood lactate response to graded exercise changes

from linear to non-linear at the OBLA point, and it is because of this that with proper
filtering, it is possible that the response of RMS of accelerometry may actually be

better approximated by a second or third order equation, which could possibly have
a better fit with the post OBLA blood lactate response.

The reliability measure presented in the results (Table 8) is lower than that

seen in previous work (McGregor et al., in review), possibly because of the

treatment that the subjects underwent between trials. While reliability was

examined, it was expected that it would be lower than the McGregor study, which
was designed to, at least in part, identify the internal reliability of the device.
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Blood Lactate Measures

The use of high-resolution acclerometry as a predictability measure for

explaining the blood lactate response to graded treadmill running has never before
been examined. Because of this, there are no studies with which to compare the

validity or reliability measures. However, there are several studies that discuss the
general blood lactate response to graded exercise (Baldari et al., 2007; Sjodin &
Jacobs, 1981). In addition, the maximal lactate steady state (MLSS) workload

(Beneke et al., 2000; Beneke & von Duvillard, 1996) is defined as the maximal

amount of work that can be done without continual blood lactate accumulation. This
is important because if a training tool were able to provide a non-invasive estimate
of exercise intensity, it would enable coaches and athletes to more effectively

prescribe and monitor training plans. Therefore, a device must be both valid and

reliable in predicting blood lactate levels, but more importantly intensity levels, as
Beneke et al., illustrated that the intensity at which the MLSS occurs, while not a

predictor of performance, may be a more effective way from which to guide training
than the current methods of pace and heart rate.

The results of this study show that there are significant correlations with the

AP and RES (Table 3); however, it is shown in Table 9 that a linear regression of the
AP plane of movement may best be used to predict the blood lactate response

(Figure 11). Additionally, reliability measures of ICC’s and repeated Pearson’s R

(Table 8) demonstrate moderate reliability. These responses are similar to the VO 2

response and, while these values are lower than that reported by McGregor (2009),
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the nature of the study, as previously discussed, may be a factor in reducing these
values.

Control Entropy

The control entropy of HRA has been examined only once before (McGregor,

Busa, Skufca, Yaggie, & Bollt, 2009); that study found that control entropy decreased

in the VT and LAT planes with increasing running speed (although in the latter, the
decrease was preceded at lower running speeds by either a period of rising or

elevated, stable CE). This study extends that work, seeking to examine whether the

decrease in control entropy demonstrated by McGregor (2009) can be associated
with the response of blood lactate to increasing running intensity, as it has

previously been shown that blood lactate accumulation increases with running

speed (Sjodin & Jacobs, 1981) and that this accumulation may be a limiting factor in
performance (Yoshida et al., 1987). Existence of a relationship between CE and the
blood lactate response of graded maximal running may validate the proposed

theory that CE can be used as a non-invasive method of measuring a system under
stress (Bollt et al., 2009).

CE was analyzed by visual analysis. If the CE value decreased, the system

was determined to be under constraint; that is, the system was moving in the

direction of its functional limit. This limit can be at either end of the physical activity
spectrum. McGregor et al (2009), for instance, observed an inverted “U” shape in
response to treadmill locomotion with speeds beginning at 2kph and increasing
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until exhaustion. This shape lends credibility to the notion that a system can be
constrained both when suppressed and when nearing its maximal output.

The observations of CE of the VT and LAT planes of motion illustrate that

there may be an association with the LT 1 threshold. This threshold is defined as

1mmol/L above the resting blood lactate value, and it is in conjunction with this

point that subjects’ increase in running pace is accompanied by a marked increase in
the rate of blood lactate accumulation as compared to slower speeds. Based on the
observed data, the conclusion can be drawn that it would be possible to use CE of
HRA to examine these planes of movement for an LT 1 threshold response.

Additionally, if the notion presented by Yoshida is accepted, it could follow that, as

the body reaches the LT 1 threshold, the vertical and medio-lateral planes of motion
begin to be constrained, thus focusing energy to the AP direction, as this is the
primary plane of motion in running.

On the other hand, due to differential responses, it would not be justified to

associate a particular blood lactate response with CE response for either the AP or

RES planes of movement, even though some subjects elicited a response at the paces
associated with either OBLA or LT 2 . In this respect, the amount of information that

can be gleaned from observation of the CE responses in these planes is different and
all planes of motion provide insight. Linear and non-linear analysis of HRA provide
different insights for different planes of movement; VT and LAT are most useful in

examining CE for system constraint, while AP and RES are more useful in examining

64

the metabolic cost of treadmill locomotion; therefore, it is of value to have all planes
of movement analyzed as all have a use in examining different aspects of motion.
Limitations

Potential limitations of the current study are mainly based in the

methodology used in determining the running paces of the subjects. These paces

were based on estimated maximal lactate steady state pace. Because this study was

performed in conjunction with the subjects’ coach, it was a necessity that the design
incorporated similar relative intensity levels so that inter-subject comparisons

could be made. In retrospect, had an effort been made to have all the subjects follow
the same protocol, this would have enabled more samples at each speed, adding
statistical strength to the analysis. Additionally, a higher sample would add

strength to the analysis. The original sample size of 10 subjects was preferable to

the seven who completed the study; however, due to injury and technical issues, the
smaller sample of seven were the only subjects who provided results that could be

considered both valid and reliable. While all of the things discussed above could be
viewed as potential problems when the statistics were tabulated, there were still
significant correlations as well as significant differences at the p<.05 level.

Additionally, while the sample size was not large, the nature of the subjects, varsity
NCAA runners, limits the possible subject population more than others.
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Informed Consent
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Eastern Michigan University
Applied Physiology Laboratory
Informed Consent for Research Involving Human Subjects

Title of Project:

The Examination of Control Entropy (CE) of Accelerometry and Lactate Threshold in
Runners During Treadmill Exercise
Principle Investigator:

Michael A. Busa

318 Porter Building

(734) 487-7120 ext. 2731

Co-Principle Investigator:

Stephen J McGregor

318 Porter Building

(734) 487-7120 ext. 2726

Introduction:
The purpose of this study is to determine if there is a correlation between Control
Entropy (CE) changes or values and the Lactate Threshold (LT) in runners during
treadmill exercise. Control Entropy is a calculated measure for determining
randomness and has been proposed to be a means of assessing physiological
parameters in a clinical setting. Lactate Threshold is the point at which there is an
exponential rise in blood lactate in individuals during incremental exercise, it is
used as a predictive measure for determining endurance pace of athletes.
Methods:

On two separate occasions you will be asked to report to The Applied Physiology
Lab (Warner 247) on the Eastern Michigan University campus. On each of these
occasions you will perform a treadmill Lactate Threshold test wearing an
accelerometer. The data from the accelerometer will be used to calculate the Control
Entropy (CE) for this test.
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During this test you will be asked to start running at a pace determined as 50m/min
slower than your predicted running pace for 20km. This pace will be based on a10
km time trial, using a Mercier table, for predicted running performance, the average
rate of fatigue will be used for pace determination. During each stage, you will run
for 3 minutes then stop for 1.5 minutes.
Over the course of the test, the pace will gradually be increased. The beginning rate
(50m/min slower than predicted 20km pace) will allow you to warm-up in the first
stage, after which the pace will be increased to a pace 30m/min slower than your
predicted 20km pace in the second stage, and then increased at a rate of 15m/min in
every subsequent stage until voluntary exhaustion. The treadmill will be set at a
grade of 1% for the entire test, simulating typical running conditions on normal
ground.
A Jaeger Oxycon Mobile Metabolic Cart will be utilized to collect expired gases. To do
this, you will wear a facemask attached to a small unit worn on your body during
exercise. This device measures the inhaled oxygen and expired carbon dioxide. This
information will give the physiologists the data needed to determine aerobic work
capacity along with other information that will be shared with you at the end of the
study. Your heart rate will be monitored throughout the testing with a Polar hear
rate monitor.
Along with this you will also be asked to wear a small accelerometer, which will be
attached to your torso with a semi-rigid elastic belt that firmly holds the device in
place. This device will measure your accelerations in three dimensions. This
information will then be processed by a mathematical software application to
calculate your CE.
Finger stick blood draws will be taken during the 1.5 min of passive rest in between
the running stages. This blood will be collected in a fashion similar to that for blood
glucose monitoring, and a small lancet will be used to puncture you finger tip. The
blood collected from this stick will then be analyzed using a Lactate Pro blood
lactate analyzer.
You will be asked to adhere to several restrictions prior to performing each of the
laboratory training sessions. Your workouts the day before testing should be light
and easy. We ask that you refrain from alcohol 24 hours prior to each test and
caffeine (coffee) the morning/day of the test.
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Benefits:
There is no monetary compensation for participating in this study. You will benefit
by learning your Lactate Threshold pace and VO2max if you so desire.
It is important for you to understand that at any time, you may withdraw from the
study with out prejudice or effect on your relationship to Eastern Michigan
University.
All of the results from this study will be kept confidential. If publication occurs, only
numbers, not names, will be used. Throughout the study, some of the data obtained
from your participation will be made available to you. At the conclusion of the study,
any additional data obtained from your participation will be made available to you.
Any concerns with regard to approval or research procedures should be directed to
the Eastern Michigan University College of Health and Human Services Human
Subjects review Committee. The Chairperson of the committee may be contacted at
(734) 487-1238.
Risks:

The potential risks involved with this study are similar to those associated with
exercise. The risk of cardiac event is possible given the nature of the maximal
physical effort required. The individual being constantly monitored during testing
will minimize this risk.
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I, __________________________________, hereby give my consent to participate in the
research study entitled, “The Examination of Control Entropy (CE) of Accelerometry
and Lactate Threshold in Runners During Treadmill Exercise.” The details of which
have been provided to me, including anticipated benefits, risks, and potential
complications.
I fully understand that I may withdraw from this research project at any time without
prejudice or effect on my standing with Eastern Michigan University. I also understand
that I am free to ask questions about any techniques to be used or procedures to be
undertaken.

I understand that in the unlikely event of physical injury resulting from research
procedures that medical treatment will be arranged but the costs of treatment will be
my responsibility since Eastern Michigan University will not provide financial
compensation.

Finally, I understand that the information about me that is obtained during the
course of this study will be kept confidential unless I consent to its release.

_____________________________
Participant’s Signature

I hereby certify that I have given an explanation to the above individual of the
contemplated study and its risks and potential complications.

_____________________________
Principal Investigator
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Human Subjects Approval Form
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APPENDIX C

Subject-by-Subject LT Tests
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Subject 10: Blood Lactate vs. Speed
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12

12.5

13

13.5

APPENDIX D

CE ANALYSIS – LT 1

93

Subject 3 Trial 1, LT 1 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

94

Subject 3 Trial 2, LT 1 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

95

Subject 8 Trial 1, LT 1 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

96

Subject 8 Trial 2, LT 1 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

97

Subject 6 Trial 1, LT 1 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

98

Subject 6 Trial 2, LT 1 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

99

Subject 7 Trial 1, LT 1 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

100

Subject 7 Trial 2, LT 1 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

101

Subject 10 Trial 1, LT 1 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

102

Subject 10 Trial 2, LT 1 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

103

Subject 4 Trial 1, LT 1 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

104

Subject 4 Trial 2, LT 1 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

105

Subject 2 Trial 1, LT 1 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

106

Subject 2 Trial 2, LT 1 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

107

108

APPENDIX E

CE ANALYSIS – LT 2

109

Subject 3 Trial 1, LT 2 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

110

Subject 3 Trial 2, LT 2 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

111

Subject 8 Trial 1, LT 2 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

112

Subject 8 Trial 2, LT 2 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

113

Subject 6 Trial 1, LT 2 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

114

Subject 6 Trial 2, LT 2 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

115

Subject 7 Trial 1, LT 2 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

116

Subject 7 Trial 2, LT 2 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

117

Subject 10 Trial 1, LT 2 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

118

Subject 10 Trial 2, LT 2 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

119

Subject 4 Trial 1, LT 2 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

120

Subject 4 Trial 2, LT 2 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

121

Subject 2 Trial 1, LT 2 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

122

Subject 2 Trial 2, LT 2 : CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

123

124

APPENDIX F

CE ANALYSIS - OBLA

125

Subject 3 Trial 1, OBLA: CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

126

Subject 3 Trial 2, OBLA: CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

127

Subject 8 Trial 1, OBLA: CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

128

Subject 8 Trial 2, OBLA: CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

129

Subject 6 Trial 1, OBLA: CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

130

Subject 6 Trial 2 OBLA: CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

131

Subject 7 Trial 1, OBLA: CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

132

Subject 7 Trial 2, OBLA: CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

133

Subject 10 Trial 1, OBLA: CE Response to Graded Discontinuous
Exercise (VT, ML, AP, RES).
Approximate CE value during
highlighted stage.

134

Subject 10 Trial 2, OBLA: CE Response to Graded Discontinuous
Exercise (VT, ML, AP, RES).
Approximate CE value during
highlighted stage.

135

Subject 4 Trial 1, OBLA: CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

136

Subject 4 Trial 2, OBLA: CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

137

Subject 2 Trial 1, OBLA: CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

138

Subject 2 Trial 2, OBLA: CE Response to Graded Discontinuous Exercise
(VT, ML, AP, RES).
Approximate CE value during highlighted
stage.

139

